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Abstract: Upon infection of a new host, human immunodeficiency virus (HIV) replicates in
the mucosal tissues and is generally undetectable in circulation for 1–2 weeks post-infection.
Several interventions against HIV including vaccines and antiretroviral prophylaxis target
virus replication at this earliest stage of infection. Mathematical models have been used to
understand how HIV spreads from mucosal tissues systemically and what impact vaccination
and/or antiretroviral prophylaxis has on viral eradication. Because predictions of such
models have been rarely compared to experimental data, it remains unclear which processes
included in these models are critical for predicting early HIV dynamics. Here we modified
the “standard” mathematical model of HIV infection to include two populations of infected
cells: cells that are actively producing the virus and cells that are transitioning into virus
production mode. We evaluated the effects of several poorly known parameters on infection
outcomes in this model and compared model predictions to experimental data on infection
of non-human primates with variable doses of simian immunodifficiency virus (SIV). First,
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we found that the mode of virus production by infected cells (budding vs. bursting) has a
minimal impact on the early virus dynamics for a wide range of model parameters, as long
as the parameters are constrained to provide the observed rate of SIV load increase in the
blood of infected animals. Interestingly and in contrast with previous results, we found
that the bursting mode of virus production generally results in a higher probability of viral
extinction than the budding mode of virus production. Second, this mathematical model
was not able to accurately describe the change in experimentally determined probability of
host infection with increasing viral doses. Third and finally, the model was also unable to
accurately explain the decline in the time to virus detection with increasing viral dose. These
results suggest that, in order to appropriately model early HIV/SIV dynamics, additional
factors must be considered in the model development. These may include variability in
monkey susceptibility to infection, within-host competition between different viruses for
target cells at the initial site of virus replication in the mucosa, innate immune response, and
possibly the inclusion of several different tissue compartments. The sobering news is that
while an increase in model complexity is needed to explain the available experimental data,
testing and rejection of more complex models may require more quantitative data than is
currently available.
Keywords: early SIV/HIV infection; mathematical model; eclipse phase; stochastic;
Gillespie algorithm
1. Introduction
Acute infection with human immunodeficiency virus 1 (HIV-1 or simply HIV) consists of several
well-defined phases. The majority of transmissions occur through vaginal or rectal intercourse, when the
virus is able to cross the epithelial layer of the genital tract or rectal mucosa [1,2]. For approximately
two weeks, the infection remains undetectable in the blood [3,4]. Viral replication during this period,
called the eclipse phase, is thought to be a highly stochastic process [5]. Viral load in the blood reaches a
peak at about 3–4 weeks post initial infection [3,4], which corresponds to the time when the HIV-specific
CD8 T cell responses are detectable [1]. The rise of the HIV-specific CD8 T cell response correlates with
a decline in viremia, and over time, a relatively constant viral load is established.
To better study early events of virus replication, a useful experimental model for HIV infection
is simian immunodeficiency virus (SIV) infection of nonhuman primates of Asian origin [5–9].
In particular, seminal studies by the Haase group determined the sequence of events occurring at the
mucosal sites following a large initial dose infection of macaques [10–12]. Other studies have examined
how varying doses of the virus affect the probability of established infection and the time it takes for the
virus to become detectable and reach a peak in peripheral blood in monkeys [13–16]. SIV infection of
monkeys has already been a valuable experimental model for testing of HIV vaccines [17,18].
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Many of the interventions to halt HIV epidemics, including vaccines and post-exposure antiviral
treatment, target virus replication at a very early stage of infection. Vaccines inducing high levels of
neutralizing antibodies have been shown to reduce the probability of infection with SIV in vaccinated
monkeys [17], while vaccines inducing high levels of virus-specific CD8 T cells either control virus
growth within the first few weeks post infection or fail [18]. Post exposure prophylaxis (PEP), another
therapy, aims to prevent infection using antiretroviral drugs following viral exposure [19]. While
there have been recent successes with the development of novel vaccine candidates and optimization
of antiviral treatment to prevent infection [17,18,20], more research is likely needed to improve the
vaccination and treatment schedules. Mathematical models focused on unraveling early virus dynamics
can be useful in helping to improve strategies of viral control. However, because very limited quantitative
information is available about HIV/SIV replication in mucosal tissues, development of an appropriate
mathematical model of early HIV/SIV dynamics is not a trivial exercise.
To date, mathematical models of different levels of complexity have been proposed to study early
HIV/SIV dynamics [21–24]. One set of mathematical models is based on the so-called “standard” model
for HIV dynamics developed in early 1990s to describe viral dynamics in chronic infection following
antiretroviral treatment [25–27]. The standard model assumes a well-mixed single compartment for
HIV/SIV infection and includes the dynamics of uninfected target (CD4 T) cells, virus-infected cells
that produce viral particles, and cell-free viral particles. This model has recently been used to
investigate the role of virus production mode by infected cells on HIV dynamics in the first several
weeks post-infection [22,23]. In the model, virus-infected cells can release virus particles (virions)
either (1) on a continuous basis, immediately after a cell is infected lasting until cell death (continuous
or budding production); or (2) all at once, either at the time of cell death or shortly before it (bursting
production). Although this model is built on biologically reasonable assumptions and describes well the
virus dynamics during antiviral therapy in chronically-infected patients [26,28], but it remains unclear
whether the model is also quantitatively consistent with experimental data on HIV/SIV dynamics during
the first 2 weeks post infection. Predictions coming from simple mathematical models may strongly
depend on the particular choice of parameter values used for simulations, many of which are not well
known, as well as on the overall structure of the models [29]. Furthermore, more complex models,
including several different compartments such as mucosal and lymphoid tissues have been proposed
and it remains unknown whether such increased model complexity is needed to explain quantitative
experimental data [24].
In this work, we expand the standard HIV/SIV mathematical model, use it to investigate whether the
virus production mode has a strong impact on the early virus dynamics, and evaluate whether it can
describe available experimental data (e.g., data in Liu et al. [16]). In our approach, we incorporate an
exponentially distributed delay between infection of a cell by a virus and production of virus particles by
the infected cells suggested by previous publications [30,31]. Specifically, our model explicitly includes
a cellular eclipse phase in the viral life cycle. By varying the relative average duration of the eclipse
phase, the mode of virus production can vary continuously from budding to bursting. Note that this
cellular eclipse phase between the infection of a cell and virus production by a cell is different from the
period between infection and detection of the virus in the blood, which is also commonly referred to as
an eclipse phase [1].
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The paper is structured as follows. We first describe the model and properties of its asymptotic
behavior, and then discuss constraints on the model parameters imposed by experimental data
(Section 2.1). We then proceed with numerical simulations of the model dynamics, both deterministic
and stochastic (Section 2.2). Finally, we discuss the predictions of the model on the change in the
probability of established infection and the time to virus detection with increasing viral doses and
compare model predictions to previously published experimental data (Section 2.3). We conclude the
paper by discussing implications of our results for predicting early HIV/SIV dynamics.
2. Results
2.1. Extended Standard Mathematical Model for HIV/SIV Dynamics
2.1.1. Mathematical Model
Several previous studies have described HIV dynamics during the first weeks post infection using
mathematical models [21–24,30]. Some of these studies used the so-called “standard” model for HIV
dynamics [27]. To run stochastic simulations of virus dynamics with this model when the number
of viruses and infected cells is small requires making an assumption of how infected cells produce
the virus. Two modes of virus production were thus postulated: continuous production (budding) or
bursting production (virus production following cell death) [22,23]. To determine whether a continual
change in the mode of virus production may impact the virus dynamics, we use an extended version
of the standard model which includes an eclipse phase in the virus replication cycle like that found in
previous publications [30–32].
In this “extended” standard mathematical model we allow for two types of virus-infected cells: cells
in the eclipse phase which are not making the virus, IE , and cells that are actively producing the virus,
I (Figure 1). Cells in the eclipse phase transition to the state of virus production at a rate, m, and both
types of cells die at rates δIE and δI , respectively. Cells in the eclipse phase may die because they could
be recognized as infected by mediators of innate immunity (e.g., macrophages or NK cells), due to the
activation of DNA-dependent protein kinase during integration of viral DNA into host chromosome or
due to accumulation of DNA intermediates in the cell’s cytoplasm [33,34]. In fact, it has been argued
that at least in vitro most HIV-infected cells die before virus production begins [33]. Virus-producing
cells make infectious viruses, V , at a rate NδI where N is the average number of infectious virions
released by an infected cell per its lifetime (burst size). It is generally accepted that a majority of virions
produced by infected cells are non-infectious [26,35,36]. Since these viruses are not contributing to the
infection of new cells, non-infectious viruses are not tracked in this model (e.g., see [22]). Viruses are
removed from the cell-free virus population by either an intrinsic clearance rate, c, or by infecting target
cells, which occurs at a rate βT , where T is the (constant) number of available target (CD4 T) cells.
The model is then given by the following system of ordinary differential equations:
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dIE
dt
= βTV − (m+ δIE)IE (1)
dI
dt
= mIE − δII (2)
dV
dt
= δINI − (βT + c)V (3)
In this well-mixed model, our assumption that T is constant during the initial stages of the infection
is reasonable because the virus population grows exponentially at early stages of infection [16,37–39].
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Figure 1. Interaction diagram of the extended standard mathematical model of the early
dynamics of HIV/SIV. Viruses, V , infect target cells, T at a rate β and are cleared at a rate c.
The target cell enters an eclipse phase, IE , where it does not actively release any virions.
Cells in the eclipse phase die at a rate δIE . From the eclipse phase, the cell transitions to the
state of a productively-infected cell, I , at a rate m. Productively infected cells die at a rate
δI or release infectious virions at a rate NδI ; N is the average number of infectious virions
produced by an infected cell.
2.1.2. Relative Duration of the Eclipse Phase
To study the effect of the virus production mode on virus dynamics in our model, we calculate the
relative duration of the eclipse phase in the total life-span of infected cells. The average time that cells
spend in the eclipse phase and as virus-producing cells is 1/(m+ δIE) and 1/δI , respectively. Therefore,










m+ δI + δIE
(4)
Depending on the values of m, δI , and δIE , the relative duration of the cellular eclipse phase, Tm,
can be set to emulate a cellular eclipse phase of a short, intermediate, or long duration. Subsequently,
when the average life-span of infected cells is fixed, this provides a method to continuously vary the
mode of virus production from budding-like to bursting-like.
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2.1.3. Asymptotic Behavior of the Model
Since the model (see Equations (1)–(3)) is linear, it has only two outcomes: exponential growth
or exponential decline. Exponential decline (virus extinction) is guaranteed if the basic reproductive
number, R0, is less than one (R0 < 1). As we show in Supplement, in this model the basic reproductive
number is given by
R0 =











While R0 determines the long-term deterministic behavior of the model, it is not directly measurable.
The basic reproductive number can be calculated from observable rates of virus growth and death
assuming different modes of virus production by infected cells [40,41]. Therefore, to relate R0 to the
parameters that can be directly observed in vivo we calculated the rate at which the virus population
expands during the phase of exponential growth or decays if virus replication is blocked, for example,
during the use of highly active antiretroviral therapy (HAART) shortly after infection.
We followed the method used by De Boer [30], making the assumption that the clearance rate of
viruses is large enough (c δI , c m, c δIE ) that V is essentially a function of I:
V (t) ≈ NδI
c
I(t) (6)
Then, the dynamics of the ratio B = I/IE of the number of virus-producing cells to the number of
cells in the eclipse phase are
dB
dt






During the exponential phase of growth, the ratio B approaches a constant, so dB
dt
= 0, and the value
of the ratio is found by solving the following equation:
m+ (δIE +m− δI)B −
βT NδI
c+ βT
B2 = 0 (8)
When δI +m− δIE > 0, there is one positive root in Equation (8), B = B∗. The rate of exponential










From Equation (9), we can express δI as the function of all other parameters
δI =






If the host is treated with antiretroviral drugs, we expect that the viral load will decay
exponentially [42]. Straightforward calculations show that when new infections are blocked with the
use of 100% efficacious reverse transcriptase inhibitor, making βT = 0, the number of virus-producing
cells, I , declines exponentially as seen in the following equation:




δI − (m+ δIE)
(
e−(m+δIE )(t−t0) − e−δI(t−t0)
)
(11)
where I(t0) and IE(t0) are the numbers of virus-producing cells and cells in the eclipse phase,
respectively, at the time of the start of the therapy t0. Due to a short half-life of virions, the dynamics
of the virus is proportional to that in Equation (11). Thus, in this model, the asymptotic virus decline
during HAART is governed by the smaller of the two values, δI or m+ δIE .
2.1.4. Probability of Extinction
In the case when R0 < 1 virus extinction is guaranteed. However, if R0 > 1, virus extinction may
occur with some probability depending on the parameters and whether infections start with free virus or
virus-infected cells. In the case when the infection is started with one virion, the majority of extinctions
will occur because the virion is cleared (c) before infecting a target cell (βT ); the probability of this
happening is simply c
c+βT
. If infection of a cell does occur, then extinction will occur if the cell in the
eclipse phase dies (δIE ) before maturing (m) into virus-producing cell; the probability of this happening
is δIE
δIE+m
. Finally, the probability of extinction depends on the number of infectious viruses produced
by a virus-producing cell during its lifespan. Taken together, the probability that the infection becomes













(see Supplement for derivation). Furthermore, assuming that all viruses act independently as the model
(given in Equations (1)–(3)) implies, the probability that an infection is established given that V0 ≥ 1
virions are initially present is
pinf = 1− qV0 = 1− e−λD (13)
where the initial number of infectious virions is dependent on the initial viral dose D, V0 = αD,
λ = −α ln q and q is given in Equation (12). This model is identical to “single-hit” models for exposure
of tissues to radiation or infection of hosts with a given dose of a pathogen [43–46]. As we show below,
this model is unable to accurately describe the data of Liu et al. [16].
We considered several extensions of this simple “single-hit” model. The first alternative model which
we call a “power-law” model assumes that the change in the probability of infection with increasing viral
dose is given by the relationship
pinf = 1− e−λD
n
(14)
where we assume that infections by different virions do not occur independently, such that interactions
between individual viruses are either antagonistic (n < 1) or synergetic (n > 1). Also, this model may
be appropriate if there is a nonlinear relationship between the number of viruses, initiating the infection,
and the initial dose, V0 = αDn.
The second alternative model, the “competition” model, assumes that the probability of established
infection declines with the initial number of viruses i, such as pi = p0e−λi. In this model, a higher number
Viruses 2015, 7 1196
of viruses leads to a lower probability of established infection, which indirectly implies antagonistic
interactions between different viruses. The normalized probability of infection of the animal given initial








It is important to note that in this model the probability of established infection does not approach 1 as
D →∞, which makes it different from other models presented here. It may therefore be able to describe
the resistance of some animals to repeated small doses of SIV as was illustrated recently [47]. We
would like also to note that we could not find direct experimental evidence of synergetic or antagonistic
interactions between different viruses, and thus, these interactions remain highly theoretical constructs.
Finally, the third alternative model, the “gamma” model, assumes that there is an intrinsic difference
in susceptibility of animals to infection [45,46,48]. Susceptibility to infection in the basic model
(Equation (13)) is given by the parameter λ. Thus, if the distribution of susceptibilities of different

















Gamma distribution for λ is chosen because it can be symmetric and nonsymmetric and allows for
analytical expression of pinf.
2.1.5. Parameter Estimations
There are no direct in vivo measurements of kinetic parameters determining HIV/SIV dynamics
during the first several days post infection, before the virus is detectable in the blood. However, some
estimates for these parameters can be made if we assume that the standard mathematical model (or its
extension) is appropriate for description of the virus dynamics before the peak of viremia.
Viral clearance rate, c. Given the available measurements, it is natural to assume that the rate of
clearance of viral particles is much higher than the death rate of virus-infected cells, even though these
measurements were done in chronically infected animals [49]. Recent work also suggests that viral
clearance rates in tissues could be even higher than that measured in the blood [50]. Thus, in our
simulations we assumed clearance rate to be high c ≥ 20 day−1 (Table 1), although the exact value
does not strongly influence model predictions as long as c is large enough, i.e., c δI ,m, δIE .
Constraints on parameters related to virus decay rate during treatment. The kinetics of viral
decay during HAART, as predicted by the mathematical model, are given by Equation (11) and are
asymptotically determined by the minimal of the two rates, m + δIE or δI . This decay rate is
approximately 0.5− 1.5 day−1 as estimated in many experimental studies (e.g., [51–54]), although only
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one study (as far as we are aware) looked at viral decay rates during treatment of acute infections [42].
Therefore, the minimal of the two rates, m+δIE or δI , should be approximately equal to 0.5−1.5 day−1.
Eclipse phase transition rate, m. Some studies suggest that it takes 24 h for a cell to begin producing
virus after it is initially infected [54,55], but smaller estimates have been proposed [56]. Thus, the rate at
which a cell transitions out of the eclipse phase and into the phase when it is actively producing virions,
m, can be given the following range of values m = 0.5− 2 day−1.
Table 1. An example of parameter values for the mathematical model used in several
deterministic and stochastic simulations. Even though parameters were chosen to guarantee a
net rate of increase of the viral load of r = 1.5 day−1 [16,39], the observed rates of expansion,
ro, were lower due to a finite value for the clearance rate of the virus, c. The relative
duration of the eclipse phase, Tm, is given by Equation (4). Higher values of Tm imply a
long eclipse phase with burst-like virus production, and smaller values imply a short eclipse
phase with budding-like virus production. Note that m = 5 day−1 and m = 0.7 day−1 are







−1 0.5 0.5 0.5 death rate of cells in the eclipse phase unknown
m, day−1 5.0 1.5 0.7 eclipse phase transition rate [54,55]
δI , day−1 0.583 1.313 5.06 death rate of virus-producing cells unknown
min(m+ δIE , δI) 0.583 1.313 1.2 virus decay rate during HAART [51–54,58]
c, day−1 20 20 20 virion clearance rate [49,50]
N 10 10 10 infectious virion burst size unknown
βT , day−1 20 20 20 rate of infection unknown
Tm 0.10 0.40 0.81 relative duration of the eclipse phase unknown
ro, day−1 1.443 1.445 1.433 observed net viral growth rate [16,39]
Death rate of eclipse phase cells, δIE . Previous models assumed that cells in the eclipse phase
have a death rate that is zero or very small [24,30]. However, cells in the mucosal tissues may
have an intrinsically high rate of removal due to their proximity to gut microbiota, the non-optimal
(nonlymphoid) host tissue for survival, or recognition of virus-infected cells by tissue phagocytes.
Recently, it has been observed that in vitro cell cultures infected with HIV die prior to reproducing
the virus [33]. The proposed mechanism for this high death rate is the activation of cellular apoptotic
mechanisms, triggered by the double strand breaks in DNA preceding integration of viral DNA into the
chromosome. Alternatively, the induction of pyroptosis due to accumulation of DNA intermediates can
also lead to self-induced death of HIV-infected cells prior to virus production [34]. Although it is not
known whether such processes occur in vivo, it is possible that most of cell death occurring during virus
replication occurs during the eclipse phase, prior to production of virions. In most of our simulations we
assume that cells in the eclipse phase survive for about 2 days (δIE = 0.5 day
−1, Table 1), but also check
robustness of our results when δIE has lower values. In general, the value of δIE is not known.
Relationship between the initial viral dose V0 and the average number of infectious viruses produced
per infected cell N . Although many studies report a particular dose used to infect animals with SIV, it is
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not known how many viruses actually penetrate the tissue and initiate the infection [13–16]. However,
the fraction of animals that do get infected when exposed to a certain viral dose is generally known;
therefore, for a given experiment, we can know pinf (Equation (13)). To obtain further insights into
how N and V0 may be related we first analyze a simplification of our model when the duration of the
eclipse phase is small, i.e., m → ∞. At this limit the extended model approaches the standard model.
Since limm→∞B = ∞ in Equation (9), by using basic algebraic manipulations and the formulas for









where a0 = − ln(1 − pinf) and the approximation is found when N  1. This result suggests that
for a fixed probability of infection, increasing the average number of infectious virions produced by
an infected cell, N , increases the initial dose of the virus needed to produce the observed pinf. This
relationship can alternatively be viewed as the virus burst size needed to explain the observed virus
dynamics for a given initial virus density. For example, in the study by Liu et al. [16], 2 out of 6 macaques
were infected with SIV at the lowest dose of 106 viral particles and only a single transmitted/founder
virus initiated the infection. Assuming that V0 = 1, r = 1.5 day−1 and δI = 1 day−1 [16,39,51–54], the




≈ 4.5 infectious viruses
in order to achieve a relatively high probability of infection pinf = 0.33 and a rapid net rate of viral growth,
r. This is surprisingly low given that it has been estimated that an SIV-infected cell produces around
5× 104 viral particles [57]. Several studies have suggested that SIV/HIV infectivity is relatively low and
only 1 in 1000 viral particles are infectious [26,35]; however, a more recent study argued that the fraction
of infectious viruses could be much higher [36]. We found in our simulations that if we adjust V0 and
the level at which the virus population becomes detectable to match experimental data of Liu et al. [16],
our modeling results are not very sensitive to the actual value of N (Figure S2 in Supplement).
Using the standard model (i.e., when m → ∞ in our model) one can also calculate the level of virus
infectivity, βT , that is required to generate the observed kinetics of increase in viral load, r. In the














where the approximation is valid at N  1 + r/δI . Because the extended standard model
(Equations (1)–(3)) has 2 additional parameters (m and δIE ), no simple analytical relationship exists
between V0 and N in this model. Therefore, to run deterministic and stochastic simulations in the
extended model we use the following algorithm. First, we choose values for a set of parameters, for
example, m, δIE , and N within biologically reasonable range (as discussed above). Then, we calculate
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the values of the remaining parameters (e.g., βT and δI) given the constraints set by the calculations
for r, min(δI ,m + δIE), and pinf, and run simulations using the resulting parameters. This procedure is
repeated for various sets of parameter values to determine the overall behavior of the model. An example
of the parameter values used in some simulations is shown in Table 1.
Viral detection level. The total amount of the virus in the body at which the virus becomes detectable
in the blood is not known. Traditional experimental detection methods allow detection of 50–200 copies
of viral RNA per mL of blood, but how this is translated into the total amount of the virus in the body has
not been defined (see also our calculations in the Discussion). To define the detection limit Vdet we use
experimental data from Liu et al. [16]. In these experiments, monkeys were exposed to variable doses
of SIVmac251 intrarectally and the virus kinetics in infected animals were followed over time. The
authors found that at the lowest viral dose (106 viral particles) the virus became detectable in the blood
on average 8.5 days post infection [16]. Therefore, for a given set of model parameters, Vdet is determined
empirically by running deterministic simulations of the model (Equations (1)–(3)) and defining Vdet as
the virus density at time t = 8.5 days since infection. Given that we have bounded the parameters of the
model to satisfy the measured constraints (see Table 1 and Equation (18)), both Vdet and V0 are directly
proportional to the burst size, N , (Figure S2 in Supplement). As an example, for the parameters shown
in Table 1 and for V0 = 1, the detection limit is Vdet ≈ 104 (Figure 2 in Supplement).
2.2. Simulating Virus Dynamics
2.2.1. In Deterministic Simulations, the Mode of Virus Production by Infected Cells Does Not Strongly
Impact the Time to Virus Detection
To explore the dynamics of our mathematical model (Equations (1)–(3)) we ran a set of deterministic
simulations. When starting an infection with one virion, there is an initial decline in the number of virions
before it grows exponentially (Figure 2); the rate of exponential decline is approximately given by virus
clearance rate c (see Supplement for derivations). Although biologically unrealistic, the deterministic
model allows for a fraction of one virus to exist, and thus can rebound from a number less than one.
For this set of parameters, the number of infectious viruses present at any time is predicted to be lower
than the number of cells in the eclipse phase or the number of virus-producing cells (Figure 2). This arises
because our model tracks the dynamics of only infectious viruses and because in our simulations only
N = 10 infectious viruses are produced on average by the virus-producing cells. Increasing the burst
size results in simulations in which the amount of free virus exceeds the amount of virus-infected cells
(Figure S2 in Supplement). Importantly, as expected from the standard model for HIV dynamics [27],
the mode of virus production, either bursting or budding, has little impact on the time to virus detection
in such deterministic simulations (Figure 2). Interestingly, if infections are started with 1 cell in the
eclipse phase or with 1 virus-producing cell, the populations approach the phase of exponential growth
more rapidly than when infection starts with a single virion (results not shown).
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Figure 2. For biologically reasonable parameter values, the mode of virus production by
infected cells has little impact on the time to virus detection in deterministic simulations. We
solve the mathematical model (Equations (1)–(3)) numerically and plot predicted values for
the infectious virus (V ), infected cells in the eclipse phase (IE), and virus-producing cells (I).
Time courses are shown for the model with continuous-mode virus production (short eclipse
phase, left panel), intermediate mode virus production (eclipse phase takes approximately
half of the life-span of infected cells, middle panel), and bursting mode of virus production
(long eclipse phase, right panel). Parameters used are given in Table 1. All infections are
started with V0 = 1. The time of virus detection, tdet, is the time when the virus population
reaches Vdet = 104 infectious viruses and is indicated on individual panels.
2.2.2. In Stochastic Simulations, the Initial Viral Dose Impacts the Time to Virus Detection but the Mode
of Virus Production Does Not
Due to finding that early infections likely start with a small number of founding viruses [15],
we simulated the dynamics of our model using the Gillespie algorithm for small population sizes ([59],
see Materials and Methods). Simulations illustrate that it takes several days for a stochastic model to
reach the regime of exponential growth, and that stochastic runs can often achieve higher virus numbers
than that predicted by the deterministic simulations (Figures S1 and S2 in Supplement).
Because simulating the virus dynamics to 104 infectious viruses was prohibitively slow, we gained
initial insights into the impact of parameter values on virus dynamics by calculating the time to 100
infectious viruses, t100. There was a wide distribution of times to 100 infectious viruses in our stochastic
simulations (Figure 3). We characterized these distributions by calculating the mean and mode of the
distribution of t100 for all simulations. Because the t100 distributions were not highly skewed, the mean
and median time to detection were nearly identical (results not shown). A number of interesting results
emerged from these simulations.
First, stochastic simulations predicted shorter average times to 100 viruses than the deterministic
simulations, independently of the mode of virus production (Figure 3); the difference could reach 1 day
for a particular set of parameters (Figure 4D). Second, the mode of virus production had little influence
on the time to 100 viruses (Figures 3 and 4), in contrast with a previous model [22]. Third, the mode of
virus production influenced the variability in the times to 100 viruses, with a burst-like virus production
resulting in more variable times to detection, consistent with previous observations [22]. The higher
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heterogeneity in t100 between different runs in the model with bursting virus production is expected,
since some cells do not survive to make viruses. Lastly, and somewhat unexpectedly given previous
results [22], a burst-like mode of virus production led to a lower probability of established infection,
compared to a continuous/budding production mode (0.19 vs. 0.35, when starting with a single infectious
virion for the parameters in Table 1, see also Figures 3 and 4). This stems from the assumption that cells
in the eclipse phase have a non-zero chance of dying, and thus, an increase in the duration of the eclipse





























































Figure 3. Distributions of times to 100 infectious viruses obtained using the Gillespie
algorithm for the extended standard mathematical model of HIV/SIV dynamics (see
Equations (1)–(3)). Simulations are for continuous/budding viral production mode
(short eclipse phase, left panel), intermediate viral production mode (middle panel), and
burst-like viral production mode (long eclipse phase, right panel). All infections start with
one infectious virion, V0 = 1. We performed 20,000 simulations for every parameter set
(Table 1). Note that the time to 100 infectious viruses is shorter than the average time to
virus detection as observed in experiments of Liu et al. [16] (see also Figure 6).
We reasoned that the result that the probability of established infection decreases as the duration of
the eclipse phase increases (or as the mode of virus production switches from budding to bursting) may
depend on the particular set of parameters used in the simulations. Since we have an analytical expression
for the probability of infection, pinf, and for the relative duration of the eclipse phase, Tm, we explored
whether our predictions from simulations hold true for a wider range of parameters. We observed that
the results were dependent on how changes in a relative duration of the eclipse phase were achieved.
When only the transition rate, m, or only the death rate of cells in the eclipse phase, δIE , was changed,
the probability of established infection always decreases with a longer duration of the eclipse phase as
long as δIE > 0 (Figure 5A). However, if m and δIE were correlated, the opposite trend may be observed
(i.e., increasing the duration of the eclipse phase increases the probability of established infection if
it also increases the death rate in the eclipse phase; Figure 5B). Thus, we conclude that whether the
mode of virus production leads to either a higher or lower probability of established infection in general
depends on the parameters of the model; however, if the parameters are uncorrelated, the bursting mode
of virus production leads to a lower probability than the continuous/budding production mode as long
as δIE > 0. If δIE = 0, then the mode of virus production has no influence on the probability that an
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infection becomes established. The latter result is in contrast with the conclusion found in simulations
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Figure 4. Changes in the probability of established infection (pinf, panels A and C) and
the time to 100 infectious viruses (t100, panels C and D) with the initial number of viruses
(V0) and the relative duration of the eclipse phase (Tm, Equation (4)) as predicted by
stochastic and deterministic simulations of the mathematical model (Equations (1)–(3)).
In panels A and B, points represent values from stochastic simulations and dashed lines are
analytical predictions (Equations (13)). Black triangles in panel B show the probability of
infection for budding and bursting modes of virus production by infected cells as calculated
in Pearson et al. [22]. In panels C and D, points are the results from the simulations and
solid lines are the predictions from deterministic solutions of the model. Parameters for
the simulations are given in Table 1 with values for the maturation rate m varied between
0.7 day−1 and 5 day−1 with δI being adjusted to satisfy constrains as described in the text.
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Figure 5. Variable dependence of the probability of infection pinf on the relative duration
of the eclipse phase, Tm. Values for c, βT , and N are fixed according to Table 1 and the
maturation rate, m, is varied for four different fixed values of the death rate of cells in
the eclipse phase δIE (panel A) or when m and δIE are correlated (δIE = θm
2, panel B).
For a given pair of these parameters, the value of the death rate of virus-producing cells,
δI , is computed using Equation (10). The probability of established infection, pinf, and the
relative duration of eclipse phase, Tm, are found using Equations (4) and (13) , respectively.
Most of our observations regarding the time to 100 infectious viruses and the probability of infection
remain true when the infection is initiated with one infected cell. For the continuous mode of virus
production, predictions on the time to virus detection were nearly identical between the deterministic
simulations and the stochastic realizations, with the difference between the two most pronounced with
burst-like virus production (results not shown). Again, this is due to a more stochastic nature of virus
production in the latter model. As expected, starting the simulations with one virus-producing cell led
to a higher probability of established infection compared to starting with a single virus or when starting
with one cell in the eclipse phase.
Since the initial viral dose is expected to have an influence on the virus dynamics, we ran simulations
varying the initial number of viruses by two orders of magnitude under each parameter set (Table 1).
As expected, a higher viral load increased the probability of established infection and decreased the
time to 100 infectious viruses (Figure 4A,C). At larger initial viral doses, deterministic and stochastic
simulations predicted a similar t100 (Figure 4C).
2.3. Comparing Model Predictions with Experimental Data
2.3.1. The Model Does Not Accurately Predict the Change in the Virus Detection Time with Increasing
Viral Dose
Some qualitative information regarding the spread of SIV in the tissues of monkeys is
available [5,12,38,60], but since these studies employed large initial viral doses, the applicability of
those observations to low dose infections initiated by only a few virions is unclear. One recent study
systematically investigated how the initial viral dose affects the time to virus detection [16]. The authors
found that at the lowest initial viral dose tested (1:1000 dilution of the stock virus which is approximately
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106 viral particles) the time to infection was on average 8.5 days (for 2 infected animals the detection
times were 7 and 10 days, Figure 6). Increasing the initial viral dose 10-, 102-, or 103-fold in these
experiments shortened the time to virus detection to 6 days but did not change the variance in virus
detection time between different animals ([16], Figure 6). Our initial simulations (see Figure 4), however,
differ from these experimental results, as we predict much shorter times of virus detection, t100 (by about
3–4 days, see Figure 4C). This is likely because our defined threshold of virus detection (100 infectious
viruses) may be lower than the actual number of viruses that must accumulate in the host for the infection
to be detectable with standard assays.
We ran another set of stochastic simulations for an intermediate mode of virus production (see
Table 1) and calculated the time when the virus population reached a size of V = 103 (t1000) and then
ran the model deterministically for 1, 2, or 3 extra days. Effectively, this approach allowed us to to
determine the time to virus detection defined as Vdet = 4 × 103, 1.8 × 104 or 7.6 × 104 infectious
viruses, respectively. To explain detection times at the lowest challenge dose under this model in
stochastic simulations, the number of infectious viruses in the body needs to be approximately 2 × 104
(Figure 6B). Importantly, the model is unable to fully explain the initially large decrease in detection
time with increasing viral dose and could not accurately predict the average time as observed in the data
for all doses (Figure 6). Furthermore, this model predicted small variance in the time to virus detection
when animals are infected with large initial doses; while in the data, the variance in the time to virus
detection was approximately independent of the initial dose (results not shown). We thus conclude that
the extended standard mathematical model for the SIV/HIV dynamics does not accurately predict the
change in virus detection time with the initial viral dose in experimental infections of monkeys [16].
This inability of the extended standard model to accurately predict the change in time to virus detection
was not due to the specific set of parameters used for simulations, since using higher values for the burst
size, N , virus clearance rate, c, and the death rate of virus-producing cells, δI , as well as varying the rate
of transition,m, resulted in similar disagreements between model predictions and the data (see Figure S6
in Supplement). In many of these additional simulations, the initial viral dose was higher than one and
was determined using Equation (18).
2.3.2. The Model Does Not Accurately Predict the Change in the Probability of Established Infection
with Increasing Viral Dose
Our mathematical model makes a strong prediction that the probability of an animal to become
infected should increase exponentially with the initial viral dose (Figure 4 and Equation (13)). Indeed,
Liu et al. [16] found that, as one would expect, exposure of animals to higher viral doses resulted in
a higher fraction of monkeys being infected ([16], Figure 7). Interestingly, at the smallest dose tested
(106 viral particles), 2 out of 6 animals became infected while at 100 fold higher doses, only 4 out of
6 animals became infected (Figure 7). The standard mathematical model for SIV/HIV dynamics assumes
that individual viruses do not compete within the host, and therefore, the probability of established
infection of the animal should be a monotonically increasing function of the dose (Equation (13)).
As discussed previously, this was the single-hit model case. When our model was fit to the experimental
data using maximum likelihood, it was clear that the model is not consistent with the data (single-hit
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curve in Figure 7; p = 0.006, χ2 test). Therefore, we investigated whether three alternative
models (power law model (Equation (14)), competition model (Equation (15)), and gamma model
(Equation (17)) were able to explain these data.































































Figure 6. Stochastic simulations of the mathematical model do not accurately predict the
change in the time to virus detection with increasing viral dose. In experiments, monkeys
were challenged intrarectally with different doses of SIVmac251 and the time for virus
detection in the blood was recorded [16]. We plot the time to virus detection for individual
animals per dose (dots), the average of these times (bars), and the predictions from stochastic
simulations of the mathematical model (solid lines) along with the 95% confidence intervals
of the model predictions (dashed lines). In these simulations, we assume that exposure to 106
particles leads to an infection with one infectious virus (V0 = 1), since in these experiments
only a single founder virus was detected [16]. Simulations were run with parameters for an
intermediate mode of virus production (Table 1). Simulations were run stochastically until
1000 infectious viruses were generated (t1000) and then deterministically for 1 (panel A),
2 (panel B), or 3 (panel C) additional days. Given the growth rate of the virus population,
ro, (Table 1) the virus population will expand approximately 4, 18, or 76 fold in 1, 2, or
3 days, respectively.
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Figure 7. The probability of infection of monkeys with increasing SIV dose is not described
well by the simple, single-hit model. We fit four different models to the experimental
data of Liu et al. [16] using maximum likelihood. The different models are a single
hit model (Equation (13)), the power law model (Equation (14)), the competition model
(Equation (15)), and the gamma model (Equation (17)). The points represent the data with
95% confidence intervals calculated as Jeffreys intervals for binomial distributions [61].
Predictions of the models are given by lines. Estimated parameters of the models are:
single-hit (λ = 5.2 × 10−8), powerlaw (λ = 6.7 × 10−3 and n = 0.32), competition
(λ = 0.08, α = 5.7 × 10−7), and gamma (λ̄ = 7.3 × 10−7, σ = 1.0 × 10−6). All models
with the exception of the single-hit model describe the data with good quality as judged by
the χ2 test. The powerlaw and gamma models describe the data significantly better than the
single-hit model based on likelihood ratio test (p < 0.01). The powerlaw, competition, and
gamma models describe the data with similar quality as judged by AIC [62].
In the first alternative model, the power law model, when infection starts with more than 1 virus,
we assume that the probability of infection of the animal is not multiplicative; and instead, is nonlinearly
proportional to the initial dose at small doses (Equation (14)). This dependence could potentially arise if
there is competition between different viruses for access to target cells or if the number of viruses starting
the infection is not linearly proportional to the initial viral dose. This model explains the experimental
data significantly better than the single-hit model (Figure 7, p < 0.0003, likelihood ratio test).
Because the power law model is phenomenological, we also considered a competition model,
in which the probability of established infection declines with the number of viruses transmitted to
the host. The competition model is able to explain the data extremely well (Figure 7). Interestingly,
the competition model predicts a probability of established infection less than one, even at very large viral
doses. This feature may provide a basis to reject the competition model if it is found that inoculations
with high doses always result in infection.
The third and final alternative model, the gamma model, assumes that the single-hit model is correct,
but that there is a distribution in susceptibility of animals to viral infection (Equation (17)). As a result,
the increase in the fraction of infected animals is slower than predicted by the single-hit model, because
at low doses susceptible hosts are predominantly infected while very high viral doses are needed to infect
resistant animals. If the distribution of susceptibilities is given by the gamma distribution, this model
explains the experimental data extremely well (Figure 7), and significantly better than the single-hit
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model (p < 0.0003, likelihood ratio test). However, the gamma model requires a highly variable
susceptibility to infection between different animals since σ > λ̄ (Figure 7) which in turn implies high
variability in the parameters determining the probability of infection. Taken together, the consistency
of the extended standard model with the data on infection probability of rhesus macaques with variable
doses of SIV depends on additional assumptions such as high variability in the susceptibility of animals
to the infection or nonlinear relationship between initial dose and the number of viruses initiating
the infection.
3. Discussion
Mathematical models of HIV/SIV infection dynamics have been developed to address a number of
important questions. Much of this work has focused on the immune response and establishment of the
viral set point [30,63–65]. Others have focused on the early dynamics, evolution, and transmission rates
of the virus [66–70]. Two recent studies investigated early HIV infection by stochastically simulating
differential equation models with two modes of virus production by infected cells: continuous/budding
and bursting [22,23]. Both cell types release the same average number of virions, N ; however, in the
first model, infected cells continuously release the virus until death, while in the second model, infected
cells release the virus instantly, all at once, upon cell death. Although deterministic simulations of
these two models are numerically identical, these previous studies suggest that stochastic behaviors
are substantially different, with the bursting mode of production leading to a higher probability of
established infection and to a longer time to infection detection than the continuous/budding mode of
virus production [22,23].
In this work, we have extended these previous studies by explicitly varying the duration of the phase in
which infected cells do not release virus (cellular eclipse phase). We find that for most tested parameters,
the mode of virus production has a minimal effect on the time to viral detection but does influence the
probability of established infection, pinf, with the burst-like mode of production resulting in a lower pinf.
The latter result arises because under burst-like virus production, a cell may die before starting virus
production. This aspect was different in previous models [22,23], where the death of the infected cell in
the bursting model always led to virus release. In the special case when there is no death in the eclipse
phase (i.e., δIE = 0), there appears to be a stronger dependence of the time to virus detection on the mode
of virus production, with the bursting mode resulting in a longer time to detection; however, in that case,
the mode of virus production then had no influence on the probability of infection (see Equation (12)
and Figure S5 in Supplement). Our results also demonstrate that the type of initiating infectious agent
(virus particles or infected cells) and the initial load of the agent has a major influence on the probability
of infection. In particular, in our simulations, starting with 10 infected cells nearly always resulted in an
established infection (Figure S7 and [23]).
Our modeling approach also allows investigation of virus dynamics which do not result in productive
infection; specifically, we can calculate the time to viral extinction. Across modes of virus production,
if the infection is initiated by a single agent (virus or infected cell), most nonproductive infections last for
less than one day (Figure S8). However, if the initial load is increased 10 fold, nonproductive infections
can last up to a week, especially if the mode of virus production is bursting (Figure S9). This result
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may suggest that exposure to SIV or HIV, even in cases when it does not result in infection, can lead to
prolonged virus dynamics and can potentially immunize exposed individuals [71,72].
An important advance of our analysis compared to previous theoretical studies is the comparison of
predictions of the mathematical model with experimental data. Such comparison is not without some
caveats. In particular, our model makes the assumption that early virus dynamics occurs in a well-mixed
system, which means that infection should be detected experimentally as soon as the viral titers reach a
particular threshold value. It is, however, difficult to know what that value should be a priori. We defined
the virus detection threshold Vdet as the virus density reached in our simulations with the lowest initial
viral dose by tdet = 8.5 days since infection as was observed in experimental data ([16], Figure 6).
The actual value of Vdet was dependent on the model parameters, and in particular, Vdet was directly
proportional to the value of the viral burst size N (Figure S2 in Supplement). If N = 5 × 104 [57],
Vdet ≈ 5 × 107. It is interesting to compare this empirical estimate to a value calculated using basic
anatomical properties of monkeys. Current conventional sequencing methods allow detection of a
SIV/HIV infection when there is about 200 copies of viral RNA per mL of plasma, which implies
V = 100 viral particles per mL of plasma (since each virion contains 2 RNA molecules). Assuming
that the same virus concentration occurs in total body fluids and that during the first 10 days of infection
there is very little cell-associated virus, the total amount of virus is V w where w is the extracellular fluid
volume (EFV). We could not locate a good estimate for w in rhesus monkeys, but observed that monkeys
weigh about 5–7 kg or 10 times less than humans. In humans, an estimate for EFV is 13.5 L [73], so we
estimate w = 1.4 L for the monkey. Thus, the total number of viral particles in the whole body at the
limit of detection in the blood is about VT = 100 viruses/mL×1.4×103 mL = 1.4×105 viruses. This is
lower than our theoretically calculated value (Vdet ≈ 5× 107 viruses) suggesting that the actual burst size
N ≈ 350 during early virus dynamics is smaller than was suggested by the in vivo study [57], or that
only a small fraction of viruses is infectious (350/(5× 104) = 0.7%).
Another assumption of the model is that the duration of the eclipse phase is exponentially distributed.
While the same assumption has been made in many previous models [30–32], it is a clear simplification.
The actual distribution of the eclipse phase of infected cells in vivo is not well known but it is likely
that there must be some minimal delay between the infection of a cell and virus production [54,74,75].
Following previous work [76–78], we formulated a mathematical model which assumes a fixed delay
between infection of a cell and virus production (see Equations (S19) and (S20) in Supplement).
Deterministic simulations of this model expectedly predict exponential increase in the virus population
size after the initial transient (Figure S10 in Supplement). Furthermore, model solutions predict
a monotonic decrease in the time to virus detection with increasing initial viral dose which is
very similar to the predictions of the model with exponentially distributed eclipse phase (compare
Figures S6 and S11 in Supplement). As in the model with exponentially distributed eclipse phase,
the model with a fixed duration eclipse phase is unable to accurately explain the the relatively constant
level of the time to virus detection at high (> 106) initial viral doses (Figure S11 in Supplement).
One of the major take-home messages of our analysis is that the mode of virus production by infected
cells plays a minor role in determining early SIV/HIV dynamics, so in many cases it can be ignored
by allowing virus-infected cells to continuously produce the virus. Then if m → ∞ and N  1,
for infections initiated by a single virus, the virus dynamics simplify to either virus extinction with the
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probability c/(βT + c) or exponential growth of the virus population at the replication rate r + δI and
death rate δI . These dynamics can be then modeled as a simple linear random birth-death process [79,80].
Our analysis demonstrates that the extended standard mathematical model is too simple to accurately
explain the change in the time to virus detection with increasing viral doses (Figure 6). It is possible that
the discrepancy between the model and the data is due to relatively poor sampling of the viral load during
early infection or because the initial number of viruses, starting the infection, is not proportional to the
initial viral dose. Alternatively, this discrepancy could be due to some important biological components
that are missing from the model. In particular, the model assumes unlimited supply of target cells
for virus replication, while several studies have highlighted the spatial heterogeneity of uninfected and
infected cells, and the loss of many CD4 T cells during early infection [5,81–84]. Furthermore, it has
been suggested that systemic virus infection occurs not from the gut tissues but from lymph nodes [85],
and viral spread from the gut to lymph nodes was not included in our model. Finally, we assumed
that parameters for virus dynamics are identical between different animals, but the observed variability
in the time to virus detection even at high initial viral doses could be a function of differences in
susceptibility between individual animals. Indeed, a model in which the probability of virus extinction
is varied between animals allowed for a good description of the data on the probability of established
infection with increasing viral doses (Figure 7). Alternatively, there may be competition between viruses
replicating at different sites of the gut. Such competition may impact the change in the probability
of infection with increasing viral doses (Figure 7) and could potentially influence the change in the
time to virus detection with increasing viral doses (Figure 6). Future studies should investigate these
alternative hypotheses.
Variability in parameters for virus dynamics between individual animals could be also the source
of variability in the observed times to virus detection. Analysis of experimental data on in vitro
HIV dynamics revealed large variability in the times when individual infected cells start producing
the virus [74,75,86]. Therefore, to investigate how variability in model parameters may impact the
virus dynamics and the time to virus detection we simulated virus dynamics in the basic model
(Equations (1)–(3)) using parameters for the intermediate mode of virus production. For every run
we used a value for the virus growth rate r sampled from the distribution of SIV population growth
rates observed in Liu et al. [16] (log-normal distribution with average log10 r = 0.16 and standard
deviation σlog10 r = 0.07). The analysis shows that variability in the virus replication rates translates into
variability in the time to virus detection with larger variability in times to detection at smaller initial doses
(Figure S12 in Supplement). However, this experimentally observed variability in the virus replication
rates was still unable to accurately predict a relatively constant time to virus detection at high initial viral
doses. We expect that combining stochastic simulations with variability in model parameters will lead
to even greater variance in the time to virus detection at low initial viral doses which is inconsistent with
experimental data of Liu et al. [16].
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4. Materials and Methods
4.1. Implementing Stochastic Simulations
To simulate our system stochastically, we used the Gillespie algorithm [59], implemented with the
GillespieSSA package in R (www.r-project.org). In the Gillespie algorithm, the system
of differential equations is organized into a state-change matrix that describes each of the possible
occurrences in the system and the rate at which they occur: a virus can infect a target cell, thereby
becoming an infected cell in the eclipse phase, such a cell can become a productively infected cell,
a productively infected cell can release viruses, or any of the species can die. For every time step,
two random numbers are generated and used to determine (1) which event will occur next and (2) the
amount of time that will pass until it occurs.
Pearson et al. [22] used 32 infected cells as a threshold for an established infection. We chose instead
to track virus numbers, a quantity that is generally measured in experiments. The number of infectious
viruses at which the infection becomes detectable was determined by matching model predictions to
experimental data for different parameter sets. In some simulations, we used Vdet = 100 or 1000
infectious viruses because at this value the dynamics of the populations in the model became relatively
deterministic. At V ∼ 103, the dynamics of the populations in our model are nearly deterministic since
the coefficient of variation, for example, in virus number is only 1/
√
103 = 0.032 or 3%, which is
fairly small. Dynamics of cell populations at later times were simulated deterministically using the ode
routine in library deSolve in R.
4.2. Statistical Tests
To compare the nested models we use the likelihood ratio test [62,87]. In cases when the compared
models are not nested, we use AIC [62]. To determine the quality of the model fits to experimental data,
we use χ2 test.
5. Conclusions
The first week of infection is a crucial time for viral growth and dissemination but is extremely
difficult to study in vivo. We believe that our study contributes to a better understanding of the process
of transmission and early infection with SIV (and possibly HIV). Our analysis suggests that simple,
one-compartment models are not consistent with the data on SIV dynamics during early stages of
infection. More detailed models will be needed to provide a better description of early virus dynamics,
and testing and rejecting different versions of such models will require very detailed quantitative
experimental data.
Acknowledgments
This work originated from the summer project in the Summer Research Experience for
Undergraduates (SRE) program at the National Institute for Mathematical and Biological Synthesis
(NIMBioS). We would like to thank the NIMBioS faculty and staff for support and comments during
Viruses 2015, 7 1211
the work on this project. We also would like to thank Dan Barouch for providing data on SIV infection
of macaques.
Author Contributions
Designed the project (VVG and JD); performed simulations (CN, KS, KZ, YY, JD, VVG), performed
analysis of the data (VVG), wrote the paper (CN, KS, KZ, YY, JD, VVG).
Conflicts of Interest
The author declares no conflict of interest.
References
1. McMichael, A.J.; Borrow, P.; Tomaras, G.D.; Goonetilleke, N.; Haynes, B.F. The immune response
during acute HIV-1 infection: Clues for vaccine development. Nat. Rev. Immunol. 2010, 10, 11–23.
2. Hu, J.; Gardner, M.B.; Miller, C.J. Simian immunodeficiency virus rapidly penetrates the
cervicovaginal mucosa after intravaginal inoculation and infects intraepithelial dendritic cells.
J. Virol. 2000, 74, 6087–6095.
3. Gasper-Smith, N.; Crossman, D.M.; Whitesides, J.F.; Mensali, N.; Ottinger, J.S.; Plonk, S.G.;
Moody, M.A.; Ferrari, G.; Weinhold, K.J.; Miller, S.E.; et al. Induction of plasma (TRAIL),
TNFR-2, Fas ligand, and plasma microparticles after human immunodeficiency virus type 1 (HIV-1)
transmission: Implications for HIV-1 vaccine design. J. Virol. 2008, 82, 7700–7710.
4. Gay, C.; Dibben, O.; Anderson, J.A.; Stacey, A.; Mayo, A.J.; Norris, P.J.; Kuruc, J.D.;
Salazar-Gonzalez, J.F.; Li, H.; Keele, B. F.; et al. Cross-sectional detection of acute HIV infection:
Timing of transmission, inflammation and antiretroviral therapy. PLOS ONE 2011, 6, e19617.
5. Haase, A.T. Targeting early infection to prevent HIV-1 mucosal transmission. Nature 2010, 464,
217–223.
6. Paiardini, M.; Pandrea, I.; Apetrei, C.; Silvestri, G. Lessons learned from the natural hosts of
HIV-related viruses. Annu. Rev. Med. 2009, 60, 485–495.
7. Sodora, D.L.; Allan, J.S.; Apetrei, C.; Brenchley, J.M.; Douek, D.C.; Else, J.G.; Estes, J.D.;
Hahn, B.H.; Hirsch, V.M.; Kaur, A.; et al. Toward an AIDS vaccine: Lessons from natural simian
immunodeficiency virus infections of African nonhuman primate hosts. Nat. Med. 2009, 15,
861–865.
8. Rompay, K.K.A.V. The use of nonhuman primate models of HIV infection for the evaluation of
antiviral strategies. AIDS Res. Hum. Retrovir. 2012, 28, 16–35.
9. Apetrei, C.; Pandrea, I.; Mellors, J.W. Nonhuman primate models for HIV cure research.
PLOS Pathog. 2012, 8, e1002892.
Viruses 2015, 7 1212
10. Reynolds, M.; Rakasz, E.; Skinner, P.; White, C.; Abel, K.; Ma, Z.; Compton, L.; Napoe, G.;
Wilson, N.; Miller, C.J.; et al. CD8+ T-lymphocyte response to major immunodominant epitopes
after vaginal exposure to simian immunodeficiency virus: too late and too little. J. Virol. 2005, 79,
9228–9235.
11. Li, Q.; Skinner, P.J.; Ha, S.J.; Duan, L.; Mattila, T.L.; Hage, A.; White, C.; Barber, D.L.;
O’Mara, L.; Southern, P. J.; et al. Visualizing antigen-specific and infected cells in situ predicts
outcomes in early viral infection. Science 2009, 323, 1726–1729.
12. Haase, A.T. Early events in sexual transmission of HIV and SIV and opportunities for interventions.
Annu. Rev. Med. 2011, 62, 127–139.
13. McDermott, A.; Mitchen, J.; Piaskowski, S.; de Souza, I.; Yant, L.; Stephany, J.; Furlott, J.;
Watkins, D. Repeated low-dose mucosal simian immunodeficiency virus SIVmac239 challenge
results in the same viral and immunological kinetics as high-dose challenge: A model for the
evaluation of vaccine efficacy in nonhuman primates. J. Virol. 2004, 78, 3140–3144.
14. Fenizia, C.; Keele, B.F.; Nichols, D.; Cornara, S.; Binello, N.; Vaccari, M.; Pegu, P.;
Robert-Guroff, M.; Ma, Z.-M.; Miller, C. J.; et al. TRIM5α Does Not Affect Simian
Immunodeficiency Virus SIVmac251 Replication in Vaccinated or Unvaccinated Indian Rhesus
Macaques following Intrarectal Challenge Exposure. J. Virol. 2011, 85, 12399–12409.
15. Keele, B.F.; Li, H.; Learn, G.H.; Hraber, P.; Giorgi, E.E.; Grayson, T.; Sun, C.; Chen, Y.; Yeh, W.W.;
Letvin, N. L.; et al. Low-dose rectal inoculation of rhesus macaques by SIVsmE660 or SIVmac251
recapitulates human mucosal infection by HIV-1. J. Exp. Med. 2009, 206, 1117–1134.
16. Liu, J.; Keele, B.F.; Li, H.; Keating, S.; Norris, P.J.; Carville, A.; Mansfield, K.G.; Tomaras, G.D.;
Haynes, B.F.; Kolodkin-Gal, D.; et al. Low-dose mucosal simian immunodeficiency virus infection
restricts early replication kinetics and transmitted virus variants in rhesus monkeys. J. Virol. 2010,
84, 10406–10412.
17. Barouch, D.H.; Liu, J.; Li, H.; Maxfield, L.F.; Abbink, P.; Lynch, D.M.; Iampietro, M.J.;
SanMiguel, A.; Seaman, M.S.; Ferrari, G.; et al. Vaccine protection against acquisition
of neutralization-resistant SIV challenges in rhesus monkeys. Nature 2012, 482, 89–93,
doi:10.1038/nature10766.
18. Hansen, S.G.; Ford, J.C.; Lewis, M.S.; Ventura, A.B.; Hughes, C.M.; Coyne-Johnson, L.;
Whizin, N.; Oswald, K.; Shoemaker, R.; Swanson, T.; et al. Profound early control of highly
pathogenic SIV by an effector memory T-cell vaccine. Nature 2011, 473, 523–527.
19. Demberg, T.; Robert-Guroff, M. Controlling the HIV/AIDS epidemic: Current status and global
challenges. Front. Immunol. 2012, 3, e250.
20. Picker, L.J.; Hansen, S.G.; Lifson, J.D. New paradigms for HIV/AIDS vaccine development.
Annu. Rev. Med. 2012, 63, 95–111.
21. Stafford, M.A.; Corey, L.; Cao, Y.; Daar, E.S.; Ho, D.D.; Perelson, A.S. Modeling Plasma Virus
Concentration during Primary HIV Infection. J. Theor. Biol. 2000, 203, 285–301.
22. Pearson, J.E.; Krapivsky, P.; Perelson, A.S. Stochastic theory of early viral infection: Continuous
versus burst production of virions. PLOS Comput. Biol. 2011, 7, e1001058.
23. Yuan, Y.; Allen, L.J.S. Stochastic models for virus and immune system dynamics. Math. Biosci.
2011, 234, 84–94.
Viruses 2015, 7 1213
24. Conway, J.M.; Konrad, B.P.; Coombs, D. Stochastic analysis of pre- and post-exposure prophylaxis
against HIV infection. SIAM J. Appl. Math. 2013, 73, 904–928.
25. Perelson, A.; Kirschner, D.; de Boer, R. Dynamics of HIV infection of CD4+ T cells. Math. Biosci.
1993, 114, 81–125.
26. Ho, D.; Neumann, A.; Perelson, A.; Chen, W.; Leonard, J.; Markowitz, M. Rapid turnover of plasma
virions and CD4 lymphocytes in HIV-1 infection. Nature 1995, 373, 123–126.
27. Perelson, A.S. Modelling viral and immune system dynamics. Nat. Rev. Immunol. 2002, 2, 28–36.
28. Perelson, A.; Neumann, A.; Markowitz, M.; Leonard, J.; Ho, D. HIV-1 dynamics in vivo: Virion
clearance rate, infected cell lifespan, and viral generation time. Science 1996, 271, 1582–1586.
29. De Boer, R.J. Which of our modeling predictions are robust? PLOS Comput. Biol. 2012, 8,
e1002593.
30. De Boer, R. Understanding the failure of CD8+ T-cell vaccination against simian/human
immunodeficiency virus. J. Virol. 2007, 81, 2838–2848.
31. Beauchemin, C.A.A.; Handel, A. A review of mathematical models of influenza A infections within
a host or cell culture: Lessons learned and challenges ahead. BMC Public Health 2011, 11 (Suppl 1),
eS7.
32. Louzoun, Y.; Ganusov, V.V. Evolution of viral life-cycle in response to cytotoxic T
lymphocyte-mediated immunity. J. Theor. Biol. 2012, 310C, 3–13.
33. Cooper, A.; Garcia, M.; Petrovas, C.; Yamamoto, T.; Koup, R.A.; Nabel, G.J. HIV-1 causes CD4
cell death through DNA-dependent protein kinase during viral integration. Nature 2013, 498,
376–379.
34. Doitsh, G.; Galloway, N.L.K.; Geng, X.; Yang, Z.; Monroe, K.M.; Zepeda, O.; Hunt, P.W.;
Hatano, H.; Sowinski, S.; Munoz-Arias, I.; et al. Cell death by pyroptosis drives CD4 T-cell
depletion in HIV-1 infection. Nature 2014, 505, 509–514.
35. Goto, T.; Harada, S.; Yamamoto, N.; Nakai, M. Entry of human immunodeficiency virus (HIV) into
MT-2, human T cell leukemia virus carrier cell line. Arch. Virol. 1988, 102, 29–38.
36. Platt, E.J.; Kozak, S.L.; Durnin, J.P.; Hope, T.J.; Kabat, D. Rapid dissociation of HIV-1 from
cultured cells severely limits infectivity assays, causes the inactivation ascribed to entry inhibitors,
and masks the inherently high level of infectivity of virions. J. Virol. 2010, 84, 3106–3110.
37. Zhang, Z.Q.; Wietgrefe, S.W.; Li, Q.; Shore, M.D.; Duan, L.; Reilly, C.; Lifson, J.D.; Haase, A.T.
Roles of substrate availability and infection of resting and activated CD4+ T cells in transmission
and acute simian immunodeficiency virus infection. Proc. Natl. Acad. Sci. USA 2004, 101,
5640–5645.
38. Haase, A. Perils at mucosal front lines for HIV and SIV and their hosts. Nat. Rev. Immunol. 2005,
5, 783–792.
39. Davenport, M.; Ribeiro, R.; Perelson, A. Kinetics of virus-specific CD8+ T cells and the control of
human immunodeficiency virus infection. J. Virol. 2004, 78, 10096–10103.
40. Lloyd, A.L. The dependence of viral parameter estimates on the assumed viral life cycle:
Limitations of studies of viral load data. Proc. R. Soc. Lond. B Biol. Sci. 2001, 268, 847–854.
Viruses 2015, 7 1214
41. Ribeiro, R.M.; Qin, L.; Chavez, L.L.; Li, D.; Self, S.G.; Perelson, A.S. Estimation of the initial
viral growth rate and basic reproductive number during acute HIV-1 infection. J. Virol. 2010, 84,
6096–6102.
42. Whitney, J.B.; Hill, A.L.; Sanisetty, S.; Penaloza-MacMaster, P.; Liu, J.; Shetty, M.; Parenteau, L.;
Cabral, C.; Shields, J.; Shields, J.; et al. Rapid seeding of the viral reservoir prior to SIV viraemia
in rhesus monkeys. Nature 2014, 512, 74–77.
43. Furumoto, W.A.; Mickey, R. A mathematical model for the infectivity-dilution curve of tobacco
mosaic virus: Experimental tests. Virology 1967, 32, 224–233.
44. Turner, M.E., Jr. Some classes of hit theory models. Math. Biosci. 1975, 23, 219–235.
45. Haas, C.N. Estimation of risk due to low doses of microorganisms: A comparison of alternative
methodologies. Am. J. Epidemiol. 1983, 118, 573–582.
46. Teunis, P.F.; Nagelkerke, N.J.; Haas, C.N. Dose response models for infectious gastroenteritis.
Risk Anal. 1999, 19, 1251–1260.
47. Salazar-Gonzalez, J.F.; Salazar, M.G.; Keele, B.F.; Learn, G.H.; Giorgi, E.E.; Li, H.; Decker, J.M.;
Wang, S.; Baalwa, J.; Kraus, M.H.; et al. Genetic identity, biological phenotype, and evolutionary
pathways of transmitted/founder viruses in acute and early HIV-1 infection. J. Exp. Med. 2009,
206, 1273–1289.
48. Regoes, R.; Hottinger, J.; Sygnarski, L.; Ebert, D. The infection rate of Daphnia magna by Pasteuria
ramosa conforms with the mass-action principle. Epidemiol. Infect. 2003, 131, 957–966.
49. Zhang, L.; Dailey, P.J.; He, T.; Gettie, A.; Bonhoeffer, S.; Perelson, A.S.; Ho, D.D. Rapid clearance
of simian immunodeficiency virus particles from plasma of rhesus macaques. J. Virol. 1999, 73,
855–860.
50. De Boer, R.J.; Ribeiro, R.M.; Perelson, A.S. Current estimates for HIV-1 production imply rapid
viral clearance in lymphoid tissues. PLoS Comput. Biol. 2010, 6, e1000906.
51. Brandin, E.; Thorstensson, R.; Bonhoeffer, S.; Albert, J. Rapid viral decay in simian
immunodeficiency virus-infected macaques receiving quadruple antiretroviral therapy. J. Virol.
2006, 80, 9861–9864.
52. Wong, J.K.; Strain, M.C.; Porrata, R.; Reay, E.; Sankaran-Walters, S.; Ignacio, C.C.; Russell, T.;
Pillai, S.K.; Looney, D.J.; Dandekar, S. In vivo CD8+ T-cell suppression of siv viremia is not
mediated by CTL clearance of productively infected cells. PLOS Pathog. 2010, 6, e1000748.
53. Klatt, N.R.; Shudo, E.; Ortiz, A.M.; Engram, J.C.; Paiardini, M.; Lawson, B.; Miller, M.D.; Else, J.;
Pandrea, I.; Estes, J.D.; et al. CD8+ lymphocytes control viral replication in SIVmac239-infected
rhesus macaques without decreasing the lifespan of productively infected cells. PLOS Pathog.
2010, 6, e1000747.
54. Murray, J.M.; Kelleher, A.D.; Cooper, D.A. Timing of the components of the HIV life cycle in
productively infected CD4+ T cells in a population of HIV-infected individuals. J. Virol. 2011, 85,
10798–10805, doi:10.1128/JVI.05095-11.
55. Dixit, N.; Markowitz, M.; Ho, D.; Perelson, A. Estimates of intracellular delay and average drug
efficacy from viral load data of HIV-infected individuals under antiretroviral therapy. Antivir. Ther.
2004, 9, 237–246.
Viruses 2015, 7 1215
56. Althaus, C.L.; Vos, A.S.D.; Boer, R.J.D. Reassessing the human immunodeficiency virus type 1 life
cycle through age-structured modeling: Life span of infected cells, viral generation time, and basic
reproductive number, R0. J. Virol. 2009, 83, 7659–7667.
57. Chen, H.Y.; DiMascio, M.; Perelson, A.S.; Ho, D.D.; Zhang, L. Determination of virus burst size
in vivo using a single-cycle SIV in rhesus macaques. Proc. Natl. Acad. Sci. USA 2007, 104,
19079–19084.
58. Markowitz, M.; Louie, M.; Hurley, A.; Sun, E.; di Mascio, M.; Perelson, A.S.; Ho, D.D. A novel
antiviral intervention results in more accurate assessment of human immunodeficiency virus type 1
replication dynamics and T-cell decay in vivo. J. Virol. 2003, 77, 5037–5038.
59. Gillespie, D. Exact stochastic simulation of coupled chemical-reactions. J. Phys. Chem. 1977, 81,
2340–2361.
60. Miller, C.; Li, Q.; Abel, K.; Kim, E.; Ma, Z.; Wietgrefe, S.; La Franco-Scheuch, L.; Compton, L.;
Duan, L.; Shore, M.; et al. 2005 propagation and dissemination of infection after vaginal
transmission of simian immunodeciency virus. J. Virol. 2005, 79, 9217–9227.
61. Brown, L.; Cai, T.; DasGupta, A.; Agresti, A.; Coull, B.; Casella, G.; Corcoran, C.; Mehta, C.;
Ghosh, M.; Santner, T.J.; et al. Interval estimation for a binomial proportion. Stat. Sci. 2001, 16,
101–133.
62. Burnham, K.P.; Anderson, D.R. Model Selection and Multimodel Inference: A Practical
Information-Theoretic Approach; Springer-Verlag: New York, NY, USA, 2002.
63. Muller, V.; Maree, A.F.; de Boer, R.J. Small variations in multiple parameters account for wide
variations in HIV-1 set-points: A novel modelling approach. Proc. R. Soc. Lond. B Biol. Sci. 2001,
268, 235–242.
64. Sergeev, R.A.; Batorsky, R.E.; Rouzine, I.M. Model with two types of CTL regulation and
experiments on CTL dynamics. J. Theor. Biol. 2010, 263, 369–384, doi:10.1016/j.jtbi.2009.11.003.
65. Althaus, C.L.; Boer, R.J.D. Implications of CTL-mediated killing of HIV-infected cells during the
non-productive stage of infection. PLOS ONE 2011, 6, e16468.
66. Tan, W.Y.; Wu, H. Stochastic modeling of the dynamics of CD4+ T-cell infection by HIV and some
Monte Carlo studies. Math. Biosci. 1998, 147, 173–205.
67. Kamina, A.; Makuch, R.W.; Zhao, H. A stochastic modeling of early HIV-1 population dynamics.
Math. Biosci. 2001, 170, 187–198.
68. Heffernan, J.M.; Wahl, L.M. Monte Carlo estimates of natural variation in HIV infection.
J. Theor. Biol. 2005, 236, 137–153.
69. Lee, H.Y.; Giorgi, E.E.; Keele, B.F.; Gaschen, B.; Athreya, G.S.; Salazar-Gonzalez, J.F.;
Pham, K.T.; Goepfert, P.A.; Kilby, J.M. Saag, M. S.; et al. Modeling sequence evolution in acute
HIV-1 infection. J. Theor. Biol. 2009, 261, 341–360.
70. Ribeiro, R.M.; Bonhoeffer, S. Production of resistant HIV mutants during antiretroviral therapy.
Proc. Natl. Acad. Sci. USA 2000, 97, 7681–7686.
71. Horton, R.E.; Ball, T.B.; Wachichi, C.; Jaoko, W.; Rutherford, W.J.; Mckinnon, L.; Kaul, R.;
Rebbapragada, A.; Kimani, J.; Plummer, F.A. Cervical HIV-specific IgA in a population of
commercial sex workers correlates with repeated exposure but not resistance to HIV. AIDS Res.
Hum. Retrovir. 2009, 25, 83–92.
Viruses 2015, 7 1216
72. Restrepo, C.; Rallon, N.I.; del Romero, J.; Rodriguez, C.; Hernando, V.; Lopez, M.; Peris, A.;
Lozano, S.; Sempere-Ortells, J.M.; Soriano, V.; et al. Low-level exposure to HIV induces
virus-specific T cell responses and immune activation in exposed HIV-seronegative individuals.
J. Immunol. 2010, 185, 982–989.
73. Snyder, W.S.; Cook, M.J.; Nasset, E.; Karhusen, L.R.; Parry Howells, G.; Tipton, I.H. Report of the
Task Group on Reference Man; Pergamon Press: Paris, France, 1975.
74. Mohammadi, P.; Desfarges, S.; Bartha, I.; Joos, B.; Zangger, N.; MuÃśoz, M.; GÃijnthard, H.F.;
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